In this paper inverse modeling is used to characterize the regime of a karst aquifer subjected to 10 extensive pumping in a conduit located upstream of its main outlet. The systemic approach uses a 11 transfer model that is based on computing the convolution integral of up to several signals, e.g., 12 efficient rainfall, pumping, to simulate flow rates and groundwater levels in both the karst conduit 13 and the carbonate matrix at the aquifer outlet and in several parts of the catchment area. The model 14 is a semi-distributed lumped model which simulates the hydrological response of a heterogeneous 15 karst aquifer made up of different hydrologic compartments, and is applied to the Lez karst system, 16
Introduction

34
Numerical models for karst aquifers usually fall within two main categories (Goldscheider and Drew 35 2007): lumped-parameter or reservoir models (Dreiss 1983; Pinault et al., 2001a Pinault et al., , b, 2004 and 36 distributed physical models (Birk et al., 2003; Liedl et al., 2003) . Owing to the high degree of 37 heterogeneity of karst aquifers, distributed models (Birk et al., 2000; Teutsch and Sauter, 1998) can 38 be relatively difficult to implement and calibrate because of difficulties in obtaining the necessary 39 input data. These difficulties have limited the use of such models in karst hydrogeology. Dual-40 porosity models with implementation of discrete pipe networks within a limestone matrix ( connected to each other at the scale of the karst catchment area. In such cases, a lumped parameter 52 model applied to the overall catchment cannot take this hydrodynamic heterogeneity into account. 53
One option, if the necessary data are available, is to consider a lumped parameter modeling 54 approach for each subsystem and then to aggregate the results in order to represent the overall flow 55 regime of the karst aquifer at its outlet. This is an intermediate approach between the lumped 56 parameter model and the distributed physical model, and here is termed a semi-distributed lumped 57 parameter model. 58
Karst aquifers can form major groundwater reservoirs (Bakalowicz 2005) and are locally pumped to 59 meet growing drinking-water requirements due, in particular, to population growth. 'Active 60 management' through pumping from the main karst conduit in the vicinity of its outlet enables 61 optimal exploitation of a karst groundwater by avoiding the negative effects of large low-water 62 discharge variations at the springs. Active management can thus be defined as pumping at a flow 63 rate greater than the spring's low-water discharge rate so as to mobilize the aquifer's stored reserves 64 (Avias 1995) . These reserves are then replenished during the following rainy season, resulting in less 65 intense floods at the start of the season (Fleury et al. 2008 ). In such cases the karst system is 66 (Conroux, 2007) , one that we assume is representative of the matrix storage beneath the Cretaceous 166 cover to the east of the Matelles Fault (Figure 2a) . 167
Semi-distributed lumped model 168 The semi-distributed lumped modeling approach developed for the present study is based on the 169 state of knowledge concerning the Lez karst system. The architecture of the hydrological model is 170 shown in Figure 2b . Four sub-models (or modules) was used to reproduce the hydrodynamic flow 171 regime of a complex karst aquifer, composed of two compartments (the western and eastern parts 172 of the Matelles fault), and subjected to an 'active management' through pumping at the Lez The hydrogeologic modeling was performed using transfer methods implemented with TEMPO 179 software (Pinault, 2001 ). The calculation of the impulse responses of the transfer modules is 180 achieved by inverse modeling with stress positivity. The term inverse modeling is here restricted to 181 the parameter identification of convolution kernels used to simulate the output from the input. case of a non-parametric impulse response, the system is termed ill-posed from a numerical point of 187 view because it has an infinite number of solutions. As mentioned by Doherty and Skahill (2006) , the 188 so-called "Tikhov regularization", in which the parameter estimation process is formulated as a 
Effective rainfall 210
The modules use the same daily input data to compute the effective rainfall, with the possibility of 211 using several rain gauges (p being the number of rain gauges) for the rainfall data: 212
cross-correlation between rainfall and system output. 217
The amount of effective rainfall ) (t R eff inducing a flow variation for a time t is calculated by:
Eq. 1 219
The effective rainfall (R eff ) is calculated by computing the threshold function Omega: 220
where * is the discrete convolution product, t the time, C a constant, and Gr and GTa the impulse 222 responses such that GTa > 0 and Gr < 0. These two impulse responses (Gr and GTa) are represented 223 by trapezia (Figure 5c The threshold Ω(t) is used to express the deficit of the effective reserve in the ground. Rain decreases 226 the Ω(t) threshold, following the reservoir's recharge, while air temperature (Ta) increases it. The 227 convolution of rain with the negative part of the impulse response (Figure 5c ) gives the contribution 228 of rain threshold Ω(t). The threshold Ω(t) (Eq. 2) can be computed using the air temperature (Ta) 229 because the input and output variables are reduced (divided by their mean). Consequently, only the 230 variations are involved and it is these that determine the model's accuracy (Pinault 2001 
( )
Eq. 5 260
From a physical viewpoint, the model reflects the recharge of a reservoir (Gaussian function) 261 followed by its rapid depletion represented by the decreasing exponential law. The succession of 262 these two phenomena is described by the convolution product (*). The parameter T expresses the 263 delay of the recharge process with respect to the rainfall, while the parameter D reflects the duration 264 of the event. A is the normalization constant. 265
The slow transfer ( ) brings into play the various infiltration and depletion processes inducing a 266 more-or-less significant delay between the rainfall and the observed discharge. The depletion of the 267 saturated zone is also described by this slow transfer. In the approach we adopted, the slow transfer Qs is different from the dynamic volume Vd which would have flowed in the absence of pumping, the 291 latter generally being assessed from the analysis of recession curves (Mangin 1975) . 292 ). This component enables one to describe the recharge phenomena associated with 359 the fast flow that occurs during significant flooding (Q>3000 l/s). We assume that the component 360 described refers to direct infiltration from losses associated with the temporary streams that form 361 during floods. 362
Results
363
Rainfall data from three weather stations were used ( representing an interannual average of 55% of the pumped volume for this month. The interannual 552 average Vs/Vn ratio reaches 170% in August, indicating that the volume of water pumped from the 553 karst storage is much higher than the average volume of water that would have flowed naturally in 554 the absence of pumping (interannual average of +70%). The box plot (Figure 12d, e) illustrates the 555 range in variability of the calculated ratios for the summer months (July, August, and September). For 556 the rainfall-deficient years corresponding to the dry quinquennials (decile 0.8), the Vs/Vp and Vs/Vn 557 ratios are respectively 70% and 235% in August. 558
Conclusion
559
The methodological approach developed in this study is based on breaking down the head variations 560 of a karst system subjected to pumping, and on modeling the outlet discharges using transfer 561 models. This approach has made it possible to model the groundwater level fluctuations in different 562 compartments of the Lez karst aquifer, the residual flows at the spring, and the pumped karst 563 storage flow. It is an overall semi-distributed approach enabling the aggregation of the hydrological 564 responses of the various compartments interacting with each other. It constitutes a modeling 565 a simple lumped model, and (ii) the data necessary for a distributed model are not available. It has 567 also helped to reconstruct the natural flow of the spring in the absence of pumping. The uncertainty 568 generated by this last aspect was the subject of a sensitivity analysis that showed the model to be 569 relatively insensitive to the uncertainty in calculating the naturalized flow. 570
The models developed in this study reveal that the aquifer is not being overexploited. They will 571 eventually allow the testing of various resource-management scenarios and assessments of the 572 impacts on a) the time series of the karst system's total head (karst conduit and matrix), and b) the 573 time series of residual flow. The data acquired will make it possible to evaluate the impacts of 574 climate change and anthropogenic pressures on the short-and long-term water changes in the water 575 resources, using wavelet analysis 576 
Figure captions
